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Abstract
QCD corrections to the electroweak cross section of γ γ → ZZ at high energies and small scattering angles have been
calculated. The dominant contributions are due to t-channel gluon exchange, i.e., photons dissociate into quark–antiquark pairs
giving rise to two colour dipoles which interact through gluons. Corrections resulting from the leading log BFKL amplitude are
of the order of a few percent close to the forward region already at the 1 TeV energy range and are rising with the scattering
energy. We also considered the helicity non-conserving cases in which the QCD corrections in comparison to the electroweak
part of the amplitude strongly grow with energy. The helicity non-conserving scattering process is of particular interest since it
is sensitive to the Higgs sector.
 2003 Elsevier B.V. Open access under CC BY license.1. The correct extension of the Standard Model
(SM) and the determination of the electroweak sym-
metry breaking mechanism are one of the basic ques-
tions which have to be answered in the nearest future.
Experimentally, we expect the first data and insights
concerning these questions after the run of the Large
Hadron Collider (LHC). Complementary, high preci-
sion measurements will come from the Next Linear
Collider (NLC), e.g., TESLA, operating in the energy
regime up to 1 TeV and providing a very clean envi-
ronment. In addition one may have the capability of
running the NLC in a γ γ collision mode via Compton
backscattering of laser photons off the linear collider
electrons. Apart from the advantage of the higher lu-
minosity, the energy of the initial photons can be de-
termined more accurately than the energy of photons
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Open access under CC BY license.radiated in the e+e− collider mode. One of the im-
portant processes one will consider at the NLC is the
production of vector bosons such as γ γ →ZZ [1].
Concerning the search of physics beyond the Stan-
dard Model, the fact that the first perturbative contri-
bution starts at one loop makes the process γ γ →ZZ
sensitive to a number of investigations. One is the
search for the existence of anomalous triple and quar-
tic vector boson couplings [2] or vector boson Higgs
couplings [3]. The natural order of magnitude of these
couplings [4] is small, so one needs to know the SM
cross sections with a precision better than 1%. In or-
der to get a detailed understanding of the spin struc-
ture of anomalous couplings, it is important to in-
vestigate the different helicity states of the outgoing
Z bosons. Especially, the production of ZLZL pairs is
well suited for the study of a hypothetical ultraheavy
fourth fermion generation [5]. Because of the absence
of the tree level contribution, this process is sensi-
tive also to particles and new physics phenomena con-
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to a method independent of and complementary to the
direct production of new particles. Again, high preci-
sion of the Standard Model cross section is needed. In
addition, the detection of CP violating phases [7] or
effects due to the exchange of Kaluza–Klein gravitons
in large extra dimension scenarios [8] have been dis-
cussed.
Another motivation to study the process γ γ →
ZZ is its sensitivity to the Higgs sector. At high
energies the biggest contribution to the cross section
comes from the production of transverse polarized
Z bosons in the kinematical limit of small scattering
angles (helicity conserving channel). The dominant
contribution to the scattering amplitudes is due to
W loops and grows proportional to the scattering
energy s. Compared to these leading contributions,
the diagrams containing the Higgs contribution are
suppressed by s2. In contrast to this, in the production
of longitudinal Z bosons the Higgs plays a crucial
role. In this channel, both the Higgs contribution
and the W loop are constant in s (up to powers of
logarithms). For large Higgs masses the s-channel
Higgs exchange in the scattering amplitude of γ γ →
ZLZL violates partial-wave unitarity [9,10] and makes
this helicity non-conserving case sensitive to the Higgs
sector. Therefore we need to know the SM cross
section with a high precision in order to disentangle
different symmetry breaking scenarios.
In summary, the process γ γ → ZZ is an impor-
tant tool to probe physics beyond the SM. In order to
see deviations, high precision is needed, both on the
experimental and on the theoretical side. A calcula-
tion at the lowest available order may not be accurate
enough. Since the cross section gains its biggest con-
tribution from small scattering angles, it is natural to
ask whether QCD corrections could play a role in this
kinematical regime. At high energies the most domi-
nant corrections arise when the vector bosons fluctuate
into quark–antiquark pairs, described by the boson im-
pact factors, and these dipoles interact through gluon
exchanges. At higher orders in αs large logarithms in
s emerge, leading to QCD corrections rising with the
scattering energy. At very high energies these correc-
tions will be large and cannot be neglected.
In this Letter we address the question whether
in the energy region of the NLC QCD corrections
need to be taken into account. For this purpose wecompute the differential cross section both for the
electroweak and the QCD parts. For the helicity
conserving channel the QCD corrections have been
studied recently [11]. In this Letter we extend our
analysis to the helicity non-conserving channel. The
electroweak part was computed first in [1], but for our
purposes we had to repeat the full one loop calculation.
For the helicity conserving case it turns out that QCD
corrections in the region of about 1 TeV are at the
percent level and grow moderately with energy. For
the helicity breaking channel the QCD corrections to
the differential cross section, at about 1 TeV, are of the
same order, but they grow much faster with increasing
energy.







with pT being the exchanged transverse momenta,
whereas the corrections to the pure electroweak am-
plitude are dictated by the interference term. The cal-
culation was performed in the Feynman gauge.
The electroweak part of the amplitude was first
computed in a full one loop calculation by Jikia [1] for
Higgs masses over 300 GeV. In order to compute the
above mentioned interference term, the results of [1]
have been reproduced, however we used in this Let-
ter an up to date value of the top quark mass and a
Higgs mass of mH = 115 GeV. We adopted the defini-
tion of momenta and polarization vectors from [12].
The Feynman diagrams were generated with FEY-
NARTS [13] and the resulting amplitudes were alge-
braically simplified using FORMCALC [12]. To eval-
uate the one-loop integrals the package LOOPTOOLS
[12,14] was used. At small scattering angles the main
contribution to the amplitude comes from the bosonic
loop of the helicity conserving channel. These ampli-
tudes are mainly imaginary and proportional to s in
this kinematical limit, in agreement with the calcula-
tion of [11] where a high energy approximation was
used. For the helicity flip channels no contributions
proportional to s survive, thus these amplitudes are
suppressed by one power of s compared to the he-
licity conserving cases. This results in the fact, that
the helicity flip parts of the cross section are for light
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than the helicity conserving parts and decrease further
with growing s. If one of the Z bosons has transverse
and the other longitudinal polarization, the amplitude
is vanishing at the forward point (pT = 0) due to an-
gular momentum conservation.
The QCD part of the amplitude was calculated re-
cently in [11], where the reader will find analytic ex-
pressions for AQCD. In the small angle region these
emerge when vector bosons fluctuate into a quark–
antiquark pair and these dipoles interact through glu-
ons. At the lowest order, when two gluons are ex-
changed in the t-channel, one obtains a contribution
proportional to the scattering energy for both, the he-
licity conserving and helicity flip amplitudes. The ra-
diation of more gluons enhances the cross section,
since this higher order corrections provide large log-
arithms in energy, which are rising with the scatter-
ing energy. These contributions cannot be neglected at
large energies. One possibility to take this into consid-
eration is a resummation described by the LO BFKL
equation [15] which gives an upper bound estimate of
these effects.
The Feynman diagrams for AQCD are illustrated
in Fig. 1. Due to the high-energy factorization one
may calculate first the boson non-forward impact fac-
tors Φ associated to the external particles and inte-
grate these with the BFKL Green’s function G. The
BFKL Green’s function is the result of the resumma-
tion of leading logarithms in energy, coming from di-
agrams of ladder topology, built with non-elementary
reggeized gluons [15]. The boson impact factor is the
Fig. 1. The BFKL exchange in the γ γ → ZZ elastic cross section.convolution of the two boson wave functions which
describes the probability that a boson fluctuates into a
quark–antiquark pair [16]. The calculation was done
for the kinematical region of small scattering angles in
the high-energy approximation. Thus, one may neglect
terms suppressed by powers of t/s, which simplifies
the calculation significantly.
One important property of the helicity flip impact
factors need particular attention concerning our further
calculations: these impact factors are in general non-
zero, they vanish only for forward scattering, where
pT = 0. This comes from a different symmetry behav-
iour of the transverse and longitudinal wave functions.
Writing these in a coordinate space formulation [16],
the longitudinal wave function is symmetric under the
transformation of the dipole size vector r→−r, while
the transverse one is antisymmetric. Since the dipole
interaction is also symmetric under this transforma-
tion, the convolution of this with a transverse and lon-
gitudinal wave function is antisymmetric, leading to
the vanishing result for pT = 0. For non-zero pT ,
this symmetry properties are broken, resulting in non-
vanishing helicity flip impact factors. Real and imagi-
nary parts of the helicity flip impact factors are oscil-
lating with pT but shifted in a way that the absolute
value of the amplitude gives a smooth function (Fig. 9
of [11]). The helicity flip impact factors are constant
in energy, thus the corresponding amplitudes are pro-
portional to the scattering energy s [11,16]. Because
the electroweak parts of the helicity flip amplitude are
suppressed by one power of s compared to the QCD
ones, the QCD corrections will increase rapidly with
energy, leading to significant corrections in the TeV
energy regime.
3. The order of magnitude of the QCD corrections
is determined in a numerical analysis. Here we con-
sider full circular polarization of the incoming pho-
tons. For the QCD part of the amplitude, due to the
huge rapidity separation of the bosons, it is only im-
portant if the helicity is conserved or broken in each
impact factor. As a result, the amplitude ++→ T T
is equal to the amplitude +− → T T as well as to
the amplitude with unpolarized photons. The mass of
the Higgs boson was set to mH = 115 GeV unless
a different value is stated and the parameters αW =
α/s2W , α = 1/128, mZ = 91.2 GeV, mt = 174.3 GeV
172 G. Chachamis, K. Peters / Physics Letters B 580 (2004) 169–176Fig. 2. QCD corrections to the differential cross section relative to the pure EW contribution for different Z polarizations and centre of mass
energies
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.and αs(MZ) have been used throughout the numeri-
cal computations. Since in the QCD expressions [11]
the quark masses are always accompanied by the Z
mass, they can be neglected in the numerical calcu-
lations apart from the top quark mass. The inclusion
of the top quark mass reduces the QCD amplitude by
25%.
At high energies in the small angle limit one
expects enhancements due to the appearance of large
logarithms, these have been resummed in the BFKL
scheme. The BFKL resummation was evaluated inthe saddle point approximation [11]. The resummed
leading log QCD corrections hold an uncertainty
resulting from the scale which is not fixed at this order
of the calculations. The scale was set to s0 =M2Z in the
numerical evaluations. We stress that the resummed
leading log QCD corrections at the lower energies
we consider, are overshooting what is expected from
the true contribution, nevertheless they provide a first
estimate of these corrections.
In Fig. 2(a)–(d) QCD corrections to the differential
cross sections relative to the pure electroweak contri-











and are presented as functions of p2T /M
2
Z for centre
of mass energies of 1 TeV and 3 TeV. At these
energies p2T /M
2
Z = 4 corresponds to values of cosθ
(where θ is the scattering angle) of 0.90 and 0.99,
respectively. Thus, for rising energy the scattering
angle will be continuously smaller for the same pT
values. For a TESLA detector it was proposed that the
tracker system will reach values cosθ < 0.993, in this
range one has a good measurement possibility [17].
Moreover, the decay products of the Z bosons will
carry also transverse momenta, thus these particles can
have bigger angles from the beam pipe.
Fig. 2(a) shows QCD corrections for transverse po-
larised Z bosons. The electroweak amplitude is mainly
imaginary, in agreement with the result of [11] cal-
culated in the high-energy approximation. Therefore,
from the QCD amplitude it will be also the imaginary
part which mainly accounts for the interference term.
The relative corrections are of the order of percent
level in the helicity conserving channel. For higher pT
they are approximately one percent and they are ris-
ing up to a few percent while approaching the forward
region, since the QCD amplitude gets more enhanced
compared to the electroweak one. This is due to the
fact that in the transition to forward physics the per-
turbative QCD analysis is increasingly affected by the
long distance interactions, since the gluons are mass-
less. The slight rise of the corrections from 1 to 3 TeV
is due to the leading log BFKL resummation and is
dictated by the pomeron intercept. Almost at the for-
ward region the imaginary part of the QCD amplitude
changes sign and becomes negative which is also visi-
ble in the relative corrections.
Next we discuss the helicity breaking cross sec-
tions. As discussed in the previous section, the most
important property of the helicity flip amplitudes is,
that the electroweak parts are not anymore propor-
tional to s as the helicity conserving parts were, so
they are suppressed by one power of s compared to
the QCD part of the amplitude. As a consequence the
QCD corrections in comparison to the electroweak
part will increase rapidly with the scattering energy,
they vanish only for pT = 0. This appear in Fig. 2(c)where the relative QCD corrections are plotted for lon-
gitudinally polarized Z bosons. The corrections are
first rising when pT is becoming smaller but they van-
ish for pT = 0. For 1 TeV the corrections are less than
1%, but for 3 TeV they are rising up to 8%. This strong
rise is dominating by the different s dependence be-
tween the electroweak and QCD amplitude. The ad-
ditional rise coming from the BFKL resummation is
negligible compared to this effect. While the elec-
troweak part of the amplitude was mainly imaginary
in the helicity conserving cases, here real and imagi-
nary parts are of the same order. The oscillations visi-
ble in the plot are coming entirely from the QCD part
of the amplitude, described in the previous section. For
higher Higgs masses the real part of the electroweak
amplitude gets an enhancement from the Higgs pole
contribution, thus the form of the corrections is chang-
ing. This is illustrated in Fig. 2(d) where the calcula-
tion was done for a Higgs mass of mH = 800 GeV.
In Fig. 2(b) relative corrections are plotted where
one of the Z bosons is transverse and the other
longitudinally polarized. The most striking property
of these corrections is their magnitude, they can be as
high as 100% already at s = 3 TeV. This is due to the
fact that here the EW part of the amplitude is smaller
but the QCD part is bigger in comparison with the case
where both Z bosons are longitudinally polarized.
The enhancement of the QCD part is coming from
the helicity conserving impact factor Φ , which is
separated by a huge rapidity gap from the suppressed
helicity flip impact factor. On the other hand, the
QCD part is vanishing for pT = 0 since the helicity
flip impact factor does. Because of the dominance of
the helicity conserving impact factor, the oscillations
coming from the helicity flip impact factor are not
visible any more. We observe here again corrections
which are rising if pT gets smaller. Both, electroweak
and QCD parts of the amplitude have to vanish for the
case of forward scattering due to angular momentum
conservation. Since the QCD part has its turning
point for bigger pT , approaching the forward point
the corrections are decreasing. We did not plotted
corrections up to pT = 0, since Eq. (2) lacks of
definition at the forward point, where both amplitudes
are vanishing. Again, here the corrections are rising
strongly with s, since the electroweak amplitude is
suppressed by one power of s compared to the QCD
one. The relative corrections are approximately one
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Fig. 3. QCD corrections to the integrated cross section relative to the pure EW contribution for transverse and longitudinal polarised Z bosons.





Fig. 4. QCD corrections to the integrated cross section relative to the pure EW contribution where the Z bosons have different polarization. The
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The rise resulting from the BFKL resummation is
again negligible in this context.
Next we display corrections to the integrated cross
section. The high energy approximation on which
the QCD calculation is based, is for a kinematical
range where s  −t . Thus, for the corrections to
the integrated cross section we integrated only up to
p2T = 4M2Z , since for high pT the QCD calculation is
loosing its validity. The solid line in Fig. 3 displays
these corrections for the helicity conserving case. In
this integration range the corrections are around one
percent and they have a slight rise due to the BFKL
resummation, since (up to powers of logarithms)
electroweak and QCD amplitudes have the same
behaviour in s. The dashed line is for corrections
with two longitudinal Z bosons in the final state. In
this helicity breaking part the electroweak amplitude
is suppressed by one power of s in comparison to
the QCD amplitude, so the corrections are rising
rapidly with the scattering energy. The smallness of
the corrections in the integrated cross section is due
to the fact that the corrections to the differential cross
section, Fig. 2(c), are changing sign with pT varying,
presenting an oscillating behaviour.
In Fig. 4 again corrections to the helicity flip cross
section are plotted, but here one of the Z bosons is
transverse polarized. Due to the different s behaviour
of the amplitudes again a strong rise of the correc-
tions with s is present. These are very big, for higher
energies the QCD part of the amplitude completely
dominates this part of the cross section. The magni-
tude of these corrections is mainly due to the helic-
ity conserving impact factor Φ of the QCD amplitude.
The integration was done down to p2T = 1/2M2Z, be-
cause the relative corrections lose they meaning for
pT = 0, since both amplitudes are vanishing at the for-
ward point.
4. In summary, we have computed QCD correc-
tions for γ γ → ZZ at high centre of mass energies in
the kinematical region of small scattering angles. We
have considered the exchange of BFKL gluon ladders
which couple to the incoming photons via γ → Z im-
pact factors. The electroweak part was computed in a
full one loop calculation, and a complete analysis in-
volving all helicity channels has been done.In the helicity conserving channel the corrections
are at the order of a few percent for s =O (1 TeV) and
they show a moderate rise with the scattering energy.
In the helicity flip channels the QCD corrections
are at the same level for s = O (1 TeV). However,
since in this channel the electroweak amplitudes are
suppressed by one power of s compared to the QCD
ones, the corrections rise much stronger with the
scattering energy. Already for s =O (3 TeV) the QCD
corrections are significant.
Concerning the QCD corrections we stress, that the
leading log BFKL contribution contains a noticeable
scale dependence. For a more precise analysis one has
to use the next-to-leading BFKL Green’s function and
next-to-leading impact factors. One has also to look in
the full SM two loop contribution, in order to achieve
precision at the percent level.
On the experimental side the separation of lon-
gitudinal and transverse final state Z bosons clearly
presents a demanding challenge. Only a statistical
analysis of the angular distribution of the decay prod-
ucts of the Z bosons allows to discriminate between
the different polarizations. However, as discussed in
the beginning of this Letter, a careful measurement
of the process γ γ → ZZ with all its different helic-
ity configurations is important and should be pursued.
The results of our study indicate that in the analysis
of the measurements QCD corrections cannot be ne-
glected.
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